Introduction {#S0001}
============

Nanotechnology is a multidisciplinary field that involves different areas such as biomedicine. Within the nanostructures, gold nanoparticles (AuNPs) have shown therapeutic and diagnostic potential in different diseases, including several types of cancer.[@CIT0001] Recently, AuNPs have been used as drug delivery agents because of their surface properties, which can be functionalized with molecules such as DNA, peptides, antibodies, and anticancer drugs.[@CIT0002] It is known that these properties depend on the size, shape, medium, cell type, charge, and the reducing agent used for the nanoparticle synthesis.[@CIT0003]--[@CIT0006] However, to be aware of the best combinatory possibilities or its potential in theragnostics, it is important to evaluate the effect of AuNPs alone before they are combined with other agents. Chitosan (CH), a polysaccharide derived from deacetylation of chitin, has been used as a cationic reducing agent used to synthesize AuNPs. This application is possible, thanks to its many biological properties, which include cancer cytotoxicity, biocompatibility, and its capacity for diagnosis and as a carrier for the delivery of cancer therapies.[@CIT0007]

Leukemia is a type of cancer that affects white blood cells and, according to the American Cancer Society, it can be classified into several types according to the affected cell lineage and its progression. Acute lymphoblastic leukemia (ALL) is the most common cancer in children younger than 5 years, whereas chronic myeloid leukemia (CML) affects adults older than 64 years. It is known that mutations or deletions in proteins related to regulated cell death (RCD) induce resistance to conventional treatments.[@CIT0008] The first-line therapies for leukemia consist of chemotherapies and corticosteroids, kinase inhibitors, and stem cell transplants; however, these treatments are aggressive and have many side effects in the immune system.[@CIT0008]

We know that the nature and therapies for blood cancers are different than the ones used for solid cancers due to their unspecific localization, tumor microenvironment, and immunosuppression.[@CIT0009] In a previous report, we characterized chitosan-coated AuNPs (CH-AuNPs) and found that they induced selectively RCD in cervical (HeLa) and breast (MCF-7) cancer cells through ROS production. We also used peripheral blood mononuclear cells (PBMC) as control of healthy cells and observed selectivity to cancer cells.[@CIT0010] However, the cancerous and healthy donor-derived cells were not from the same cell type; here, we analyzed if the selectivity of CH-AuNPs is due to the cell lineage or the characteristics of the cancer cells. For this reason, we analyzed the cytotoxic effect of CH-AuNPs in healthy immune system cells (PBMC and bone marrow, BM) and their cancerous counterpart, leukemic cells (T-acute lymphoid leukemia cell line, CEM, and CML cell line, K562), which are derived from the same lineage. Furthermore, we delved in the mechanism of cell death induced by CH-AuNPs. We assessed ROS generation (DCFDA), mitochondrial (tetramethylrhodamine ethyl ester, TMRE) and nuclear (ϒ-H2Ax, cell cycle, and DNA degradation) alterations, caspase activation, autophagosome formation, and the role of ROS in the mechanism of cell death.

Materials and methods {#S0002}
=====================

Nanoparticles {#S0002-S2001}
-------------

CH-AuNPs and sodium citrate (SC)-AuNPs were synthesized by the Turkevich method as previously described.[@CIT0010] First, an acid solution of CH (2% w/w in acetic acid 0.4 M) was obtained by dissolving CH (medium molecular weight, 300,000 g/mol, with 75--85% of deacetylation) in 2 mM hydrochloroauric acid solution (HAuCl~4~), and it was homogenized at room temperature for 15 mins on a magnetic plate at 80--90 rpm. Then, the solution was heated (100°C ±5°C in glycerol bath for 15 mins on a magnetic plate at 80--90 rpm) until it changed color to a wine red and then it was diluted in RPMI 1640 medium (GIBCO^®^ by Life Technologies). SC-AuNPs were obtained by heating hydrochloroauric acid solution (2 mM) to 140°C (±5ºC) in glycerol bath for 5 mins on a magnetic plate at 80--90 rpm, and then 1% sodium citrate solution (Milliporesigma, St. Louis, MO, USA) was added by slow drip until it changed to a wine red color.

The physicochemical properties of nanoparticles (such as size, charge, and dose) are important to consider its safeness,[@CIT0005] and thus we characterized CH-AuNPs by analyzing surface plasmon resonance by ultra visible spectroscopy using a Nanodrop spectrophotometer 2000c (Thermo Fisher Scientific, Bartlesville, OK, USA). Mean particle diameter and Z potential were measured by dynamic light scattering using Nanosizer NS90 (Siemens, Malvern, PA, USA). The sample was dispersed in distilled water (1:1,000). [Table 1](#T0001){ref-type="table"} shows the physicochemical properties of CH-AuNPs and SC-AuNPs, which are similar to our previous report.[@CIT0010] They exhibit the typical surface plasmon resonance of AuNPs, at 520 nm[@CIT0011] The Z potential is +28 mV upon synthesis and the size range is 3--10 nm ([Table 1](#T0001){ref-type="table"}). The polydispersity of CH-AuNPs was 0.3 ([Table 1](#T0001){ref-type="table"}). In [Figure S1](#SD1){ref-type="supplementary-material"}, we show size ([Figure S1A](#SD1){ref-type="supplementary-material"}) and surface plasmon resonance of CH-AuNPs ([Figure S1B](#SD1){ref-type="supplementary-material"}). Table 1Overview of AuNPsSampleSurface plasmon resonance (nm)Zeta potential (mV) ± DSMean size (nm) ± SDPolydispersitySolventCH-AuNPs diluted in RPMI 1640 medium (1 mM)520+28±0.13.7±0.60.3WaterSC-AuNPs diluted in RPMI 1640 medium (1 mM)520−5±0.13.1 nm ±0.50.3Water

Cells and cell culture {#S0002-S2002}
----------------------

Chronic myelogenous leukemia cells, K562 (ATCC^®^ CCL-243™), and T-ALL cells, CEM (ATCC^®^ CCL-119™), were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained under suggested conditions: cultured in sterile plastic flasks (Corning Inc. Costar^®^, USA) at 37ºC in 5% CO~2~ atmosphere, using RPMI 1640 medium (GIBCO^®^ by Life Technologies) supplemented with 1 µg/mL amphotericin B, 1 µg/mL penicillin and 2.5×10^−3^ µg/mL streptomycin (GIBCO^®^ by Life Technologies), and 10% of FBS (GIBCO^®^ by Life Technologies).

PBMC were obtained from healthy donors after obtaining written informed consent. This study was approved by the Institutional Ethics Committee at the Universidad Autónoma de Nuevo León, College of Biological Sciences. PBMC were isolated by density gradient centrifugation with Ficoll-Hypaque1119 (Milliporesigma, Eugene, OR, USA) and maintained at 4×10^6^ cells/mL in cell culture plates at 37ºC in 5% CO~2~ atmosphere, using RPMI 1640 medium (GIBCO^®^ by Life Technologies) supplemented with 1 µg/mL amphotericin B, 1 µg/mL penicillin and 2.5×10^−3^ µg/mL streptomycin (GIBCO^®^ by Life Technologies), and 10% of FBS (GIBCO^®^ by Life Technologies).

The animal study was approved by the Animal Ethical Committee (CEIBA), Number: 01/2015. All experiments were conducted according to Mexican regulation NOM-062-ZOO-1999. Bone morrow cultures were obtained from only one femur and tibia per healthy mouse (male, 6--8 weeks) and maintained at 4×10^6^ cells/mL in cell culture plates at 37ºC in 5% CO~2~ atmosphere, using RPMI 1640 medium (GIBCO^®^ by Life Technologies) supplemented with 1 µg/mL amphotericin B, 1 µg/mL penicillin and 2.5×10^−3^ µg/mL streptomycin (GIBCO^®^ by Life Technologies), and 10% of FBS (GIBCO^®^ by Life Technologies).

Cell death analysis {#S0002-S2003}
-------------------

Cell death was determined after 24 hrs of treatment with CH-AuNPs, CH, HACl~4~, or SC-AuNPs. Cells were seeded at 5×10^4^ cells per well in 96-well plates (Corning Inc. Costar^®^, USA) and exposed at the indicated concentrations of CH-AuNPs, CH, HACl~4~, or SC-AuNPs. The concentrations of SC-AuNPs or CH-AuNPs (µM) were determined based on the µM concentration of the precursor salt (HACl~4~) used for the synthesis of AuNPs. The median cytotoxic concentration of CH-AuNPs required to reduce cell viability by 50% (CC50) was used in subsequent assays. After 24 hrs of treatment, the cells were washed with PBS and then resuspended in 200 µL of binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5 mM CaCl~2~) and stained with Annexin V-allophycocyanin (AnnV; BD Biosciences Pharmingen, San Jose, CA, USA) following manufacturer's instructions and propidium iodide (PI; 0.5 μg/mL; Milliporesigma, Eugene, OR, USA). Cells were then assessed by flow cytometry (Fluorescence-Activated Cell Sorting \[FACS\]; BDAccury6; Becton Dickinson, San Jose, CA, USA) and analyzed using FlowJo Software (Tree Star Inc., Ashland, OR, USA).

ROS analysis {#S0002-S2004}
------------

To measure ROS production levels, we used dichlorodihy drofluorescein diacetate (DCFDA; Invitrogen, St Louis, MO, USA) staining by flow cytometry.[@CIT0012] Cells were seeded at 5×10^4^ cells per well in 96-well plates (Corning Inc. Costar^®^, USA) and treated with CC~50~ of CH-AuNPs for 24 hrs. Then, the cells were washed with PBS and stained with DCFDA. Finally, we measured ROS levels by flow cytometry and then analyzed using FlowJo Software (Tree Star Inc., Ashland, OR, USA).

Mitochondrial membrane potential analysis {#S0002-S2005}
-----------------------------------------

The loss of mitochondrial membrane potential was detected by (TMRE; Sigma, Aldrich, Darmstadt, Germany). The cells were seeded at 1×10^5^ cells per well in 96-well plates (Corning Inc. Costar^®^, USA) and treated with CH-AuNPs (CC~50~). After 24 hrs of treatment, cells were rinsed with PBS and stained with TMRE (50 nM). Finally, cells were measured by flow cytometry and analyzed using FlowJo Software (Tree Star Inc., Ashland, OR, USA).

DNA damage analysis {#S0002-S2006}
-------------------

The DNA damage was assessed through γ-H2AX quantification.[@CIT0013] About 5×10^5^ cells/mL were seeded in 6-well plates (Corning Inc. Costar^®^, USA) and treated with the CC~50~ of CH-AuNPs for each cell line, for 24 hrs. Then, the cells were washed with PBS, fixed by bubbling with methanol (100%) and incubated at −20ºC overnight. Then, the cells were blocked for 30 mins at 4ºC and washed (FACS buffer). Then, cells were marked with a primary antibody specific to the phosphorylated form of H2AX (γ-H2AX; ABCAM, Cambridge, UK) in a 1:100 dilution, for 1 hr at room temperature with constant agitation. Then, the secondary antibody (anti-mouse/FITC; ABCAM, Cambridge, UK) was added in a 1:100 dilution and incubated for 30 mins at room temperature and then overnight at 4ºC. Negative controls were incubated only with the secondary antibody. Analysis was done by flow cytometry and analyzed using FlowJo Software (Tree Star Inc., Ashland, OR, USA).

Cell cycle analysis {#S0002-S2007}
-------------------

Cell cycle was evaluated by quantifying intracellular DNA using PI staining through flow cytometry.[@CIT0012] About 5×10^5^ cells were seeded in 6-well dishes and then treated with CC~50~ of CH-AuNPs for 24 hrs. Later, we washed the cells with PBS and fixed them in 70% ethanol. Additionally, cells were washed again with PBS and incubated with RNase (Sigma-Aldrich, USA) for 30 mins and then with PI (10 μg/mL; Milliporesigma) for 30 mins. Cell DNA contents for cell cycle and DNA degradation were measured by flow cytometry and analyzed in FlowJo Software (Tree Star Inc., Ashland, OR, USA). For DNA degradation, we quantified the SubG1 population.

LC3-II detection {#S0002-S2008}
----------------

To evaluate autophagosome formation, we measured LC3-II levels through flow cytometry using a commercial specific autophagy detection kit (ABCAM; Cambridge, UK).[@CIT0014] First, cells were seeded at 5×10^4^ cells per well in 96-well plates (Corning Inc. Costar^®^, USA); then, we exposed them at CC50 of CH-AuNPs for 24 hrs. Cells were then recovered and stained following the manufacturer's instructions. Analysis was done by flow cytometry and analyzed using FlowJo Software (Tree Star Inc., Ashland, OR, USA).

Caspase-3 analysis {#S0002-S2009}
------------------

Cleaved caspase-3 was determined by flow cytometry using specific detection kit, FITC-DEV-FMK (ABCAM; Cambridge, UK).[@CIT0012] The cells were then seeded at 1×10^5^ cells per well in 96-well plates (Corning Inc. Costar^®^, USA) and treated with CC~50~ of CH-AuNPs for 24 hrs. Cells were then recuperated and stained following the manufacturer's instructions. Cells were then assessed by flow cytometry and analyzed using FlowJo Software (Tree Star Inc., Ashland, OR, USA).

Cell death inhibitors {#S0002-S2010}
---------------------

To determine cell death mechanism, we used different inhibitors: N-acetyl-cysteine (NAC, 5mM; Sigma-Aldrich, St Louis, MO, USA) as ROS inhibitor,[@CIT0012] QVD-OPh (QVD; 10 μM; BioVision, Milpitas, CA, USA) as pan-caspase inhibitor,[@CIT0015] Spautin-1 (0.75 μM; Sigma-Aldrich, St Louis, Missouri, USA) as an autophagy inhibitor,[@CIT0016] and Necrostatin-1 (5 μM; Sigma-Aldrich, St Louis, Missouri, USA) as necroptosis inhibitor.[@CIT0017] The inhibitors were added 30 mins before treatment with CH-AuNPs. All stock solutions were wrapped in foil and stored at −20°C.

Statistical analysis {#S0002-S2011}
--------------------

All data were analyzed using GraphPad Prism (GraphPad Software, San Diego, CA, USA). The results given in this study represent the mean of at least three independent experiments done in triplicate (mean±SD). Statistical analysis was done using a paired Student's *t*-test. The statistical significance was defined as *p*\<0.05.

Results {#S0003}
=======

CH-AuNPs are selective cell death inductors in leukemic cells {#S0003-S2001}
-------------------------------------------------------------

We previously demonstrated that CH-AuNPs, but not SC-AuNPs, induce selective ROS-dependent cell death in cervical and breast cancer cell lines, without affecting immune system cells (PBMC).[@CIT0010] Here, we assessed whether the selective cytotoxicity of CH-AuNPs could be due to cell lineage or due to the characteristics of cancer cells. For this, we analyzed cell death in immature immune system cells (BM) and PBMC, using K562 and CEM cell lines as hematological cancer cells. To evaluate cell death, we assessed phosphatidylserine exposure (AnnV) and membrane permeabilization (PI) after 24 hrs of treatment with different concentrations of CH-AuNPs. As shown in [Figure 1](#F0001){ref-type="fig"}, CH-AuNPs induce an increase in cell death, with double-positive population for AnnV and PI staining ([Figure 1A](#F0001){ref-type="fig"}) at 25 µM which increased in a concentration-dependent way; the mean cytotoxic concentration, CC~50~, was 25 μM in K562 and CEM cells after 24 hrs of treatment ([Figure 1B](#F0001){ref-type="fig"}). However, in PBMC and BM cells, we did not observe cell death induction ([Figure 1](#F0001){ref-type="fig"}). Neither CH, HAuCl4, nor SC-AuNPs induced cell death in leukemic cells ([Figure S2A](#SD2){ref-type="supplementary-material"}) or PBMC ([Figure S2B](#SD2){ref-type="supplementary-material"}), highlighting the selective cytotoxic effect of CH-AuNPs and not its separate components. These results demonstrated that CH-AuNPs are selective cell death inductors in leukemic cell lines, affecting them at the same concentration, but without affecting healthy immune system cells, thus confirming the selectively to cancer cells.Figure 1Phosphatidylserine exposure and membrane permeability of K562, CEM, PBMC, and bone marrow cells after CH-AuNPs treatment. (**A**) Cell death analysis by flow cytometry using Annexin-V and propidium iodide (PI) staining in K562, CEM, and non-cancer cells, PBMC, and bone marrow treated with different concentrations of CH-AuNPs for 24 hrs. (**B**) Quantification of cell death assessed as in (**A**).

CH-AuNPs induce ROS production {#S0003-S2002}
------------------------------

As CH-AuNPs induce selective cell death in HeLa and MCF-7 cells through ROS production[@CIT0010]; therefore, we tested ROS production in leukemic cells treated with CH-AuNPs, using DCFDA staining by flow cytometry. In [Figure 2](#F0002){ref-type="fig"}, results exhibit that CH-AuNPs increase ROS production from 3.5% to 40% in K562 cells ([Figure 2A](#F0002){ref-type="fig"}) and from 3.5% to 35% in CEM cells ([Figure 2B](#F0002){ref-type="fig"}). This indicates that CH-AuNPs induce the same ROS production in both types of leukemia cell lines. Furthermore, we demonstrated that CH-AuNPs do not induce ROS production in PBMC ([Figure S3](#SD3){ref-type="supplementary-material"}).Figure 2CH-AuNPs induce ROS production. Analysis (left) and quantification (right) of ROS production by flow cytometry using DCFDA staining in K562 and CEM cells treated with CH-AuNPs.

CH-AuNPs induce mitochondrial and nuclear alterations {#S0003-S2003}
-----------------------------------------------------

Mitochondrial and nuclear dysfunction and alterations play a central role in RCD.[@CIT0018],[@CIT0019] Thus, to determine the mechanism of cytotoxicity induced by CH-AuNPs in leukemia cells, we tested mitochondrial and nuclear damage. We assessed the loss of mitochondrial membrane potential (LMMP) with TMRE staining and found that CH-AuNPs induce LMMP in K562 from 5% to 60% and in CEM from 3% to 99% ([Figure 3A](#F0003){ref-type="fig"}), indicating that CH-AuNPs induce mitochondrial impairment.Figure 3Mitochondrial and nuclear alterations in leukemic cells upon treatment with CH-AuNPs. (**A**) Mitochondrial membrane potential loss analysis (left) and quantification (right), using TMRE by flow cytometry in K562 and CEM cells after 24 hrs of treatment with CH-AuNPs. (**B**) Nuclear damage analysis (left) and quantification (right) measured through γ-H2AX by Flow cytometry in K562 and CEM cells. (**C**) Cell cycle analysis (left) and quantification (right), using propidium iodide (PI) staining in K562 and CEM cells, by flow cytometry after 24 hrs of treatment with CH-AuNPs. (**D**) DNA degradation analysis, using SubG1 population obtained as in A, by flow cytometry after 24 hrs of treatment with CH-AuNPs.

Nuclear alterations can induce the production of γ-H2AX, the first step in recruiting and localizing DNA repair proteins, which can lead to cell cycle arrest, followed by DNA degradation and cell death.[@CIT0020] To evaluate these processes, we first assessed phosphorylation of H2AX (γ-H2Ax), and we found that treatment with CH-AuNPs increases the percentage of γ-H2AX-positive cells from 1% to 55% in K562 (left) and from 5% to 77% in CEM (right) cells ([Figure 3B](#F0003){ref-type="fig"}), indicating that CH-AuNPs induce DNA damage. To determine whether CH-AuNPs induce cell cycle alterations, we quantified DNA in leukemic cells using PI staining. Our analysis shows that CH-AuNPs did not induce cell cycle modifications in K562 and CEM cells, with respect to control cells ([Figure 3C](#F0003){ref-type="fig"}). Finally, endonucleases can induce DNA fragmentation in different cell death modalities.[@CIT0021] DNA degradation was analyzed by quantification of a sub-G1 population in leukemic cells treated with CH-AuNPs. Results exhibit 57% of DNA degradation in K562 and 65% in CEM cells treated with CH-AuNPs for 24 hrs ([Figure 3D](#F0003){ref-type="fig"}). These results demonstrate that CH-AuNPs induce γH2AX and DNA degradation, without cell cycle arrest in leukemic cells.

CH-AuNPs exhibit biochemical characteristics of autophagy and apoptosis {#S0003-S2004}
-----------------------------------------------------------------------

Due to the characteristics previously observed, we further tried to determine whether cell death was occurring through two of the principal cell death modalities: apoptosis and autophagy.[@CIT0022] The formation of autophagosomes (double-membrane vesicles) is a widely accepted characteristic of autophagy,[@CIT0023] whereas caspase activation is the principal characteristic of apoptosis.[@CIT0024] Thus, we quantified levels of LC3-II, a molecule recruited for the formation of autophagosome membranes during autophagy, and cleaved caspase-3, the principal effector caspase in apoptosis. Results showed that cells treated with CH-AuNPs increase expression of LC3-II from 5% to 75% in K562 and from 2% to 30% in CEM ([Figure 4A](#F0004){ref-type="fig"}). In [Figure 4B](#F0004){ref-type="fig"}, we show the analysis of cleaved caspase-3 induced by CH-AuNPs. We can observe a slight increase in caspase-3 activation, from 1% to 30% in K562, and from 1% to 40% in CEM cells. This indicates that CH-AuNPs induce autophagosome formation and caspase activation in leukemic cells.Figure 4CH-AuNPs induce autophagosomes and caspase-3 activation in leukemic cells. (**A**) Autophagy assessment through LC3-II analysis (left) and quantification (right), by flow cytometry in K562 and CEM cells treated for 24 hrs with CH-AuNPs. (**B**) Cleaved caspase-3 analysis (left) and quantification (right), by flow cytometry using FITC-DEVD-FMK staining in K562 and CEM cells at 24 hrs of treatment with CH-AuNPs.

CH-AuNPs induce pro-survival autophagy in cancer cells {#S0003-S2005}
------------------------------------------------------

To understand if autophagosomes were required for cell death or were activated as a pro-survival mechanism, we used a specific autophagy inhibitor (Spautin-1).[@CIT0022] First, we analyzed autophagosome formation, and we show in [Figure 5A](#F0005){ref-type="fig"} that autophagosomes induced by CH-AuNPs decrease in the presence of Spautin-1 in K562 and CEM cells. Then, cell death analysis demonstrated that during autophagy inhibition with Spautin-1 there is an increase in cell death of K562 and CEM cells ([Figure 5B](#F0005){ref-type="fig"}) passing from 53% to 79% and from 49% to 75%, respectively. These results indicate that leukemic cell lines produce autophagosomes as a pro-survival mechanism during CH-AuNPs treatment.Figure 5CH-AuNPs treatment induces pro-survival autophagy in K562 and CEM cells. (**A**) Autophagy assessment through LC3-II analysis (left) and quantification (right), by flow cytometry using Spautin-1 as a specific inhibitor of autophagosomes in K562 and CEM cells treated for 24 hrs with CH-AuNPs. (**B**) Cell death analysis (left) and quantification (right) by flow cytometry using Annexin-V and propidium iodide (PI) staining in K562 and CEM cells treated with CH-AuNPs and Spautin-1.

CH-AuNPs trigger apoptosis in CEM cells {#S0003-S2006}
---------------------------------------

We then assessed whether cell death induced by CH-AuNPs was caspase-dependent apoptosis. First, we evaluated if a pan-caspase inhibitor (QVD) inhibited activation of caspase-3, the principal biochemical marker of apoptosis.[@CIT0025] The result shows that QVD inhibits cleaved caspase-3 in K562 cells and CEM cells, decreasing from 25% to 15%, and from 45% to 10%, respectively ([Figure 6A](#F0006){ref-type="fig"}). Then, we evaluated caspase dependency in cell death using QVD, and analyzed cell death. In [Figure 6B](#F0006){ref-type="fig"}, we can observe that cell death induced by CH-AuNPs in K562 cells is not significantly inhibited in the presence of QVD; this result suggests that the mechanism of death is independent of the activation of caspases. In CEM cells, we show that when using QVD, the percentage of cell death diminishes from 50% to 34%, indicating that the mechanism of cell death induced by CH-AuNPs is caspase-dependent ([Figure 6B](#F0006){ref-type="fig"}).Figure 6Role of apoptosis and autophagy in K562 and CEM cells after CH-AuNPs treatment. (**A**) Cleaved caspase-3 analysis (left) and quantification (right), using QVD as a pan-caspase inhibitor, in K562 and CEM cells at 24 hrs of treatment with CH-AuNPs. (**B**) Cell death analysis (left) and quantification (right) using QVD in K562 and CEM cells after CH-AuNPs for 24 hrs. (**C**) Cell death analysis (left) and quantification (right) during inhibition with Spautin-1 (autophagy inhibitor) and QVD (pan-caspase inhibitor) in K562 and CEM cells treated with CH-AuNPs.

Then, we wanted to know if during autophagy inhibition, CH-AuNPs were inducing caspase-dependent apoptosis. Thus, we evaluated cell death using Spautin-1 and QVD. Interestingly, the results show that only in CEM cells the percentages of cell death induced by Spautin-1 were reduced in the presence of QVD, from 63% to 38%, whereas in K562 we observed a slight increase in cell death ([Figure 6C](#F0006){ref-type="fig"}). These results suggest that autophagy inhibition promotes apoptosis in CEM cells, which was not observed in K562 cells.

CH-AuNPs induce necroptosis in K562 cells {#S0003-S2007}
-----------------------------------------

It has been shown that AuNPs can induce different cell death mechanisms.[@CIT0005],[@CIT0026] Necroptosis is a cell death mechanism that plays an important role in mammalian embryonic development and the immune system maturation. This mechanism of cell death involves the recruitment of receptor-interacting proteins (RIP) that are crucial mediators by the formation of the necrosome. We found that CH-AuNPs induce apoptosis in CEM cells even during autophagy inhibition, but not in K562 cells, we decided to analyze whether this cell death mechanism could be induced by CH-AuNPs in K562. For this, we used Necrostatin-1 (Nec-1), a RIPK1 inhibitor.[@CIT0017] [Figure 7A](#F0007){ref-type="fig"} shows that the percentage of cell death in K562 diminishes in the presence of Nec-1, even during co-inhibition with QVD; however, in CEM cells, the percentage of cell death increased in both cases. In [Figure 7B](#F0007){ref-type="fig"}, we confirmed cell death inhibition with Nec-1 in K562 cells, alone and during treatment with Spautin-1 and CH-AuNPs, decreasing from 63% to 38% (when also using Nec-1), whereas in CEM we saw a slight increase in cell death. These results suggest that CH-AuNPs induce necroptosis in K562 cells and that autophagy inhibition promotes necroptosis in K562 cells, but not in CEM. These results underline that CH-AuNPs induce different mechanisms of cell death in cancer cells.Figure 7Role of necroptosis and autophagy in leukemic cells treated with CH-AuNPs. (**A**) Cell analysis (left) and quantification (right) using Necrostatin-1 (Nec-1) as a necrosome inhibitor and QVD (pan-caspase inhibitor) in K562 and CEM cells treated with CH-AuNPs. (**B**) Cell death analysis (left) and quantification (right) during inhibition with Spautin-1 (autophagy inhibitor) and Nec-1 (necrosome inhibitor) in K562 and CEM cells treated with CH-AuNPs.

CH-AuNPs induce ROS production, triggering mitochondrial and nuclear damage, caspase-3 activation, and cell death in leukemic cells {#S0003-S2008}
-----------------------------------------------------------------------------------------------------------------------------------

ROS have an important role in cell death, as they can orchestrate different mechanisms of cell death. To analyze the implication of ROS in the biochemical characteristics of cell death induced by CH-AuNPs, we used NAC, an antioxidant that increases intracellular glutathione levels and possesses thiol-disulfide exchange activity,[@CIT0010] and then we assessed ROS, mitochondrial and DNA damage, and caspase activity. The results demonstrate that NAC was able to inhibit ROS production during CH-AuNPs treatment with CC~50~ (25 μM) in K562 and CEM cells ([Figure 8A](#F0008){ref-type="fig"}). Mitochondrial membrane potential analyses show that ROS inhibition with NAC blocks mitochondrial damage after treatment with CH-AuNPs in both cell lines ([Figure 8B](#F0008){ref-type="fig"}). Then, we show that the DNA damage (γ-H2AX) diminished in K562 and CEM cells during ROS inhibition ([Figure 8C](#F0008){ref-type="fig"}). Finally, we analyzed whether ROS production activates caspase-3 in CH-AuNPs-treated cells. [](#F0008){ref-type="fig"}[Figure 8D](#F0008){ref-type="fig"} shows that in the presence of NAC inhibits caspase-3 activation by CH-AuNPs in both cell lines.Figure 8Effect of ROS production in the biochemical characteristics of cell death induced by CH-AuNPs in K562 and CEM cells. (**A**) Analysis and quantification ROS by flow cytometry using DCFDA staining and N-acetyl-cysteine (NAC) as a ROS inhibitor in K562 and CEM cells treated with CH-AuNPs. (**B**) Mitochondrial membrane potential loss analysis and quantification by Flow cytometry using TMRE staining and NAC (ROS inhibitor) in K562 and CEM cells after 24 hrs of treatment with CH-AuNPs. (**C**) Nuclear damage analysis and quantification measured through γ-H2AX using NAC in K562 and CEM cells. (**D**) Cleaved caspase-3 analysis (left) and quantification (right) during ROS inhibition (NAC) by flow cytometry in K562 and CEM cells after 24 hrs of treatment with CH-AuNPs.

We demonstrated that CH-AuNPs induce ROS production, which plays an important role in mitochondrial and nuclear damage, and ROS can be related to AuNPs\' cytotoxicity.[@CIT0027],[@CIT0028] We analyzed if ROS production was playing a role in the cell death of leukemic cells. In [Figure 9](#F0009){ref-type="fig"}, we show that cell death induced by CH-AuNPs is blocked during ROS inhibition in both cell lines, K562 and CEM cells. This reveals that CH-AuNPs induce ROS-dependent cell death in leukemic cells, demonstrating that ROS production is an important and conserved characteristic of cell death induced by CH-AuNPs in cancer cells, independently of the cell death mechanism activated.Figure 9Role of ROS in the cell death induced by CH-AuNPs in leukemic cells. Cell death analysis and quantification by flow cytometry using Annexin-V and propidium iodide (PI) staining in K562 and CEM cells treated with different concentrations of CH-AuNPs for 24 hrs during ROS inhibition with NAC.

Discussion {#S0004}
==========

We evaluated the cytotoxic mechanism of CH-AuNPs in two different leukemic cell lines: CEM, from T-ALL, and K562, from CML. We obtained CH-AuNPs of 3--10 nm with a surface plasmon resonance at 520 nm and assessed the effect of CH-AuNPs in leukemic and healthy cells. We observed that CH-AuNPs induce PS exposure, loss of membrane permeability, and cytotoxicity in a time- and concentration-dependent manner in leukemic cells. Additionally, leukemic cells were more sensitive to CH-AuNPs compared to HeLa and MCF-7 cell lines, as the CC~50~ in leukemic cell lines is 25 µM, while in HeLa and MCF-7 cells it was of 75 µM.[@CIT0010] Cell death analysis showed that CH-AuNPs have a selective cytotoxic effect in leukemic cells but not in PBMC nor in murine BM cells, at the same concentration and times, indicating that CH-AuNPs' cytotoxicity is due to the characteristics of cancer cells, and not the cell type.[@CIT0010] This selectivity has been observed also with nanoparticles of other metals.[@CIT0029]--[@CIT0031] It has been recently shown that silver nanoparticles green-synthetized using the desert plant *Cyperus conglomeratus*[@CIT0031] or walnut green husk[@CIT0030] also present selectivity against cancer cells, without affecting non-cancerous cells.

Pan et al evaluated the toxicity of CH-AuNPs and observed that the cellular response is dependent on their concentration in A549, NCI-H460, and A431 cell lines.[@CIT0032] On the other hand, AuNPs (18 nm) obtained using cetyl trimethylammonium bromide showed low cytotoxicity in K562 cells. These differences can be due to the reducing agent, as it has been reported that medium-molecular-weight CH is cytotoxic *per se* in U939, K562, HL60, and THP-1 cell lines.[@CIT0033] Liu et al used seleno-short-chain CH (SSCC) in K562 and observed that it significantly suppressed the growth of K562 cells in a dose-dependent manner, by inducing caspase-dependent apoptosis.[@CIT0034]

Another important observation we had was that CH-AuNPs did induce changes in the cell cycle of leukemic cells, as we determined previously in HeLa and MCF-7[@CIT0010] and as shown in a study done in A549 lung cancer cells treated with CH-AuNPs.[@CIT0035] However, although CH-AuNPs do not induce cell cycle arrest in different cell types, SSCC induced cell cycle arrest in G2 phase in K562 cells[@CIT0034] and in MCF-7 and BT-20 cells.[@CIT0036] These differences could be due to the purity or structure of CH molecule itself, which is different from the AuNPs.

We also showed that CH-AuNPs induce the loss of MMP and ROS production in both CEM and K562, cell lines, which correspond with other studies where AuNPs induce mitochondrial damage and oxidative stress.[@CIT0004],[@CIT0005],[@CIT0028],[@CIT0037] Furthermore, we observed that cell death was dependent on ROS production. This effect has been observed to be produced by CH in fibrosarcoma cells,[@CIT0038] and by AuNPs on human leukemia (HL-60) and hepatoma (HepG2) cell lines,[@CIT0039] and in MCF-7 and HeLa cells.[@CIT0010]

DNA damage has been barely assessed after nanoparticle treatment, and here we assessed γH2AX and observed that CH-AuNPs increased γH2AX positive cells, indicating DNA damage. Ross I Berbeco et al also observed that AuNPs enhanced DNA damage (through γH2AX) after irradiation in Hela cells.[@CIT0040] In another study, AuNPs coated with grafted galactose and polyethylene glycol induced radiosensitivity, confirmed by elevated levels of DNA damage compared with naked AuNPs and the control group.[@CIT0041]

It has been reported that AuNPs can induce apoptosis through mitochondrial and DNA damage.[@CIT0032],[@CIT0042]--[@CIT0044] As caspases are effectors of apoptosis, we analyzed caspase-3 activity in both cell lines and observed higher levels of cleaved caspase-3. Caspase inhibition showed that CH-AuNPs induce caspase-independent cell death in K562 and caspase-dependent cell death in CEM. Xia et al reported two different mechanisms of cell death for polystyrene AuNPs. They observed LAMP-1-mediated endocytosis, calcium release, proapoptotic protein expression, mitochondrial damage, and caspase activation in Raw 264.7. They also observed Caveolin-1 mediated endocytosis and did not observe caspase activation in bronchial epithelium (BEAS-2B) and concluded that the uptake and cell death mechanism depend on the endocytosis pathway.[@CIT0045]

Autophagosome formation has been barely studied in cells treated with AuNPs. Here we found that autophagy was induced after treatment with CH-AuNPs as a prosurvival mechanism, as we could enhance cell death by inhibiting autophagy. This feature has been also observed in lung fibroblasts (MRC5 cells) treated with AuNPs,[@CIT0046] and in several cell lines treated with chemotherapies.[@CIT0047],[@CIT0048]

Our results also show that NAC inhibits cell death in leukemic cells treated with CH-AuNPs. It has been reported that ROS inhibition reduces cell death induced by AuNPs in several models, including HepG2 cells,[@CIT0049] HL-60 cells,[@CIT0039] and HeLa and MCF-7 cells,[@CIT0010] yet this does not occur in normal human dermal fibroblast cells, despite the observed increase in ROS production after 24 hrs of treatment.[@CIT0050] These results reinforce our results that indicate that CH-AuNPs activate a different mechanism in cancerous and normal cells.

Conclusion {#S0005}
==========

Our results indicate that CH-AuNPs induce selective cytotoxicity in leukemia cells compared with their healthy counterpart and reveal that CH-AuNPs induce necroptosis in K562 cells ([Figure 10A](#F0010){ref-type="fig"}) and caspase-dependent cell death in CEM cells ([Figure 10B](#F0010){ref-type="fig"}), including pro-survival autophagy activation in both cases ([Figure 10](#F0010){ref-type="fig"}). Although cell death relies on different effector molecules, we observed that in both cases the mechanism is dependent on ROS production. This study improves the understanding of the cytotoxicity of CH-AuNPs and their selectivity to cancer cells, irrespective of the cell lineage, extending their effects to hematopoietic cancers.Figure 10Cell death mechanism induced by CH-AuNPs in leukemic cells. (**A**) In K562 cells, CH-AuNPs induce ROS production that are inhibited using NAC. ROS production leads to loss of mitochondrial membrane potential, caspase-3 activation, and nuclear alterations. Nuclear alterations include DNA damage (γ-H2Ax) and degradation. During, apoptosis inhibition with QVD, cell death is maintained while it is inhibited with necrostatin-1. (**B**) In CEM cells, CH-AuNPs generate ROS production (inhibited with NAC) leading to caspase-dependent cell death. ROS production induces loss of mitochondrial membrane potential, DNA damage (γ-H2Ax) and degradation, and cleaved of caspase-3 to trigger cell death. Finally, QVD inhibits the cell death induced by CH-AuNPs. In A and B, pro-survival autophagy is activated.

Supplementary materials {#S0010}
=======================

Figure S1Size and plasmon resonance.**Note:** Representative size distribution obtained from DLS analysis. (**B**) UV-Vis absorption spectrum. Figure S2Effect of Chitosan, AuHCl4, and SC-AuNPs on K562 and PBMC cell viability.**Notes:** K562 (**A**), and PBMC (**B**) were treated with Chitosan (CH), HAuCl4, and Sodium-citrate nanoparticles (SC-AuNPs) for 24 hours. Cell death was measured by Flow cytometry, and the means of triplicates were graphed. Figure S3ROS analysis in PBMC cells treated with CH-AuNPs.**Note:** Analysis of ROS by Flow cytometry using DCFDA staining in PBMC treated with CH-AuNPs.
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